We report on the non-adiabatic offset of the initial electron momentum distribution in the plane of polarization upon single ionization of argon by strong field tunneling and show how to experimentally control the degree of non-adiabaticity. Two-color counter-and co-rotating fields (390 and 780 nm) are compared to show that the non-adiabatic offset strongly depends on the temporal evolution of the laser electric field. We introduce a simple method for the direct access to the non-adiabatic offset using two-color counter-and co-rotating fields that does not rely on any theoretical modeling. Further, for a single-color circularly polarized field at 780 nm we show that the radius of the experimentally observed donut-like distribution increases for increasing momentum in the light propagation direction. Our observed initial momentum offsets are well reproduced by the strong-field approximation (SFA).
Tunneling is one of the most intriguing quantum effects, which is well understood for transmission through a quasi-static barrier [1] . Much less is known about the transmission through time-dependent potential barriers.
One of the open questions is how a rotation of the tunnel's direction influences the momentum distribution of the particle which exits the tunnel. For a static tunnel (adiabatic tunneling) there is cylindrical symmetry around the tunnel direction and thus the initial momentum after tunneling must be isotropic in the plane perpendicular to the tunnel direction [2, 3] . For a rotating tunnel this symmetry is broken. This can lead to an offset momentum in (or against) the direction in which the tunnel exit evolves with time (non-adiabatic tunneling) [4, 5] .
Time-dependent potential barriers are routinely realized by exposing an atom to a strong femtosecond laser pulse. The joint electric field of the ionic core and the laser pulse gives rise to a potential barrier through which a bound electron can tunnel. For circularly polarized light the tunnel rotates in the polarization plane. Once in the continuum, the electron will be driven by the laser field. This will add a momentum given by the instantaneous negative vector potential − A(t) to the initial momentum the electron had at the tunnel exit p i . Including Coulomb interaction after tunneling, the post tunneling propagation can be precisely modeled using classical simulations [6] [7] [8] . From this, one might hope that the question of a possible offset momentum upon exiting the tunnel can be answered experimentally by subtracting − A(t) from the measured electron momentum distribution. However, the vector potential is significantly larger than the expected p i and in experiments the laser intensity (and thus − A(t)) is hardly known with sufficient precision. Most previous attempts to experimentally prove the existence of offsets in the initial momentum distributions at the tunnel exit are therefore based on comparing theoretical predictions with experiments [9] [10] [11] [12] [13] (see [8, [14] [15] [16] [17] for alternative theoretical approaches).
In the present Letter we solve this problem by two experimental approaches which allow us to keep the vector potential constant while changing the degree of nonadiabaticity. We observe, that this modifies the final momenta of the electrons significantly. This shows -free of any theoretical modeling -that the initial tunnel exit momenta depend on the degree of non-adiabaticity. In the first approach we manipulate the angular velocity of the electric field vector using co-and counter-rotating two-color circularly polarized fields. These fields have successfully been used to study several aspects of strong field physics [16, [18] [19] [20] [21] [22] [23] [24] . The second approach is to select different electron momenta in the laser propagation direction for circularly polarized light, which is shown to be equivalent to changing the degree of non-adiabaticity.
The two-color fields are generated using a 200-µm BBO to frequency double a 780-nm laser pulse (KMLabs Dragon, 40-fs FWHM, 8 kHz). The fundamental and the second harmonic are separated with a dielectric beam splitter. In each pathway a neutral density filter, followed by a λ-quarter and a λ-half waveplate, are installed. A nanometer delay stage in the arm of the fundamental wavelength is used to adjust the relative phase between the two colors [25] . After merging both pathways by a dielectric beam combiner, a spherical mirror (f = 80 mm) focuses the laser field (aperture of 8 mm (5 mm) for 780 nm (390 nm)) into an argon gas jet produced by supersonic gas expansion. To minimize the effect of focal averaging, the gas jet is collimated to 40 ± 10 µm along the laser propagation direction in the laser focus (Rayleigh length of about 150 µm) for all measurements.
The 3D electron momentum distributions from single ionization of argon presented in this work have been measured using cold-target recoil-ion momentum spec-troscopy (COLTRIMS) [26] . The length of the electron and ion arms were 378 mm and 68 mm, respectively. Homogeneous electric and magnetic fields of 18.2 V cm −1 and 10.5 G, guided electrons and ions towards position sensitive microchannel plate detectors with three-layer delay-line anodes [27] . The experimental setup is the same as in [21, 28] .
In our first experimental approach to investigate nonadiabaticity we choose the 390 nm field to be weak compared to the 780 nm field and both contributing electric fields to be circularly polarized. We switch the helicity of the second harmonic every 120 seconds to make the electric field vectors of both colors be co-or counterrotating. Fig. 1(a) and 1(b) show the resulting combined laser electric fields and vector potentials. The key feature is that in both cases the minimum and maximum of the combined vector potential are the same. The maximum (minimum) is reached when the vector potentials of the two corresponding colors are parallel (antiparallel). However, a decisive parameter for the nonadiabaticity -the rotational speed of the tunnel exitis different. The effective angular frequency of the laser electric field at the minimum of the vector potential is ω eff = 0.9 ω (ω eff = 0.7 ω) for the co-(counter-) rotating field. Here ω corresponds to 780 nm. Alternatively the effective, instantaneous Keldysh-parameters for the time of minimal vector potential can be compared. They are γ eff =
0.9ω E780−E390
2I p = 1.4 for the co-rotating and γ eff = 0.7ω E780+E390 2I p = 0.9 for the counter-rotating scenario where I p is the ionization potential.
Since tunneling is a highly nonlinear process, the electron most likely escapes the atomic potential at the peak electric field (see dots in Fig. 1 (a) and 1(b)). Fig. 1 (c) and 1(d) show the associated electron momentum distributions (which are integrated over |p x | = 0.0±0.5 a.u., p x is aligned along the laser propagation direction). In the absence of non-adiabatic offsets the most probable radial momentum p peak r (ϕ) for each angle ϕ would be given by the absolute value of the corresponding negative vector potential. Deviations to this value are expected to be due to non-adiabatic offsets in the initial momentum distribution or Coulomb interaction of the electron with its parent ion.
The quantitative change of the initial momentum at the tunnel exit can be seen best by inspecting the data in cylindrical coordinates. Fig. 2 Depending on the helicity of the second harmonic the derivative of the electric field can be modified (phase of highest field is shown as a dot). The angular velocity of the laser electric field for the co-rotating case is ω eff = 1.1 ω (ω eff = 0.9 ω) and ω eff = 0.7 ω (ω eff = 1.4 ω) for the counter-rotating case at the maximal (minimal) electric field. (c) and (d) show the corresponding experimental electron momentum distributions for single ionization of Ar. The black dashed circle guides the eye and has the same radius in all panels. The arrows indicate the temporal evolution of the laser electric field E(t) and the negative vector potential − A(t).
divided by the radial electron momentum p r = p 2 y + p 2 z . This takes the volume element p r into account to make sure that the brightest pixel in cartesian and cylindrical coordinates are equivalent.
The minimal and the maximal value for p peak r (ϕ) in the co-rotating scenario are used as references and are marked as dashed black lines to guide the eye. Inspecting Fig. 2(d) it is obvious that the minimal radial momentum in the counter-rotating case is much lower than in Fig.  2(c) . To underline this result, Fig. 2(e) compares the radial momentum distributions restricting the angle in the polarization plane (see vertical blue and green dashed lines). The radial electron momentum distributions in Fig. 2(e) are shifted by about 0.1 a.u. relative to each other although the corresponding negative vector potentials are the same in both cases. This allows to conclude that the offset of the initial momentum distribution in the co-rotating case is bigger by about 0.1 a.u. than in the counter-rotating case.
We emphasize that the gained insight regarding the initial non-adiabatic momenta is obtained purely from the experimental data, without the need for theoretical modeling nor the need of an exact knowledge of the intensity. In the next step we do some modeling in particular to rule out the possible concern that the observed radial momentum change could originate from differences in the Coulomb interaction for co-and counter-rotating fields. To this end we look at two complementary theoretical models in Fig. 3 . First we analyze the results from strong-field approximation (SFA), which incorporates initial momentum offsets but neglects Coulomb interaction [29] . Neglecting pre-exponential factors, the momentum dependent ionization amplitude in saddle-point SFA is proportional to exp (−iS), with the action
evaluated at its saddle-points t s . The second is a classical two-step (CTS) model that includes Coulomb in-teraction but does not include any offsets in the initial momentum distribution. Here we follow the procedure described in [7] neglecting the semiclassical phase. The CTS model incorporates the prediction of adiabatic tunneling, i.e. an initial Gaussian momentum distribution which is centered at zero in both directions perpendicular to the tunnel exit, and zero initial momentum in tunnel direction. For both models we adjust field intensities of the two colors such that the predictions of the respective model match the maxima of the radial momentum for the corotating scenario along the red and blue line of Fig. 2(c) and we then use these intensities also for the counterrotating case. The SFA in Fig. 3(a)-(b) nicely reproduces the experimentally observed shift of the radial momenta upon changing the helicity of the second harmonic, while the classical model does not show such a shift. This clearly rules out Coulomb interaction as the origin of the shift and indicates that the non-adiabatic initial momenta are reliably included in SFA.
Motivated by this success of SFA we inspect the action in SFA for a driving electric field in the p y p z -plane:
We note that in SFA an increase in p x is equivalent to introducing an effective ionization potential I eff
x . Evidently, for a vanishing I eff p there is no tunnel barrier. In this case all non-adiabatic offsets must vanish. For non-vanishing I p and almost circularly polarized light, it has been shown above that in experiment and SFA the non-adiabatic offset leads to an increase in final momentum. The effective Keldysh-Parameter, which is a measure for the non-adiabaticity, can be written as
2I eff p where E 0 is the electric field. This is the idea of our second approach to change the non-adiabaticity of the tunneling-process while keeping the vector potential constant: Due to the equivalence of I p and 1 2 p 2 x in SFA, the electron momentum component in the light propagation direction p x is expected to influence the non-adiabatic offset momenta.
To show this experimentally, we analyse the simplest possible scenario: ionization by single-color circularly polarized light. Fig. 4(a) shows the resulting, well known donut-shaped electron momentum distribution (integrated over |p x | = 0.0 ± 0.5 a.u.). Fig. 4(b) shows the same data as (a) but in cylindrical coordinates (integrating over the angle in the polarization plane). by the negative vector potential, the radius of the donut would be independent of the momentum component p x . However, the experiment shows that this is not the case.
Excellent agreement with theory (see green dots in Fig.  4 (b) and 4(d)) is reached by performing the same numerical CTS simulation as above, in which we now offset the initial momentum by the p x -dependent value given by SFA. For comparison the same calculation is done neglecting the Coulomb potential after tunneling. This shows the bare offset momentum from SFA (white dots in Fig. 4(b) and 4(d) ). Both calculations use the same peak electric field which is chosen to fit the experiment. This result shows that the dependence of the radial electron momentum p r on the momentum component in the light propagation direction p x is partly due to the initial momentum distribution introduced by the offset of the initial momentum distribution predicted by SFA and can be fully understood including Coulomb interaction.
In the SFA we have neglected the pre-exponential factor ( [5] , Eq. 17). Inclusion of this factor would allow for the initial momentum distribution at the tunnel exit to depend on the electron's initial bound state (i.e. the magnetic quantum number m) [5, 28, 30] . In the present experiment the sense of rotation of the combined electric field does not change its sign; hence we expect that the same magnetic quantum number is preferred in the presented data. Since the co-rotating scenario has a higher ω eff , it should liberate electrons with m = −1 more strongly than the counter-rotating scenario. Electrons with m = −1 lead to smaller radial momenta in the plane of polarization p r [5, 28, 30, 31] , implying that a measurement capable of resolving the magnetic quantum number could reach an even higher contrast in Fig. 2(e) .
In conclusion, we have experimentally shown that tunneling through a rotating barrier exhibits non-adiabatic features that depend on the effective angular frequency of the laser electric field ω eff and on the effective ionization potential I eff p . Higher momenta in the light propagation direction p x result in higher radial momenta in the plane of polarization p r for single-color fields. In addition to the conceptual interest of modification of the tunneling process this has practical consequences as p r is routinely used for calibration of the laser intensity [32] [33] [34] . Furthermore our experimental two-color scheme comparing co-and counter-rotating fields with otherwise identical field parameters opens up new avenues to study atomic and molecular systems investigating non-adiabaticity and the momentum distribution of the initial state [28] free of the inevitable uncertainties of the laser intensity.
